The combination of high sediment supply rates and ample accommodation within fjords provides high-resolution records of deglaciation. Ancient fjord fills provide the potential for three-dimensional views of the evolution of depositional environments in response to changing sediment supply and base level through the deglacial process. We describe the fill (Jejenes Formation) of a well-exposed Late Carboniferous (Pennsylvanian) glacial valley and its tributaries; these deposits record the progressive marine flooding and infilling of topography by glacially derived sediments. The geometry of the valley and its tributaries is controlled by the underlying lower Paleozoic lithologies: a deep valley with steep sides exists where the bedrock is massive limestones, and a broader, shallower valley exists where the bedrock is generally a finegrained olistostrome. The valleys are locally floored with diamictites, including both in situ tillites and remobilized diamictites. In the trunk valley these are locally overlain by a small, shallow-water delta. (probably generated by plumes of glacial outwash) containing numerous dropstones that decrease in abundance down the fjord. The mudstones contain numerous thin sandstone and conglomerate turbidites that were supplied laterally via subaqueous gravel fans feeding in from the tributary valleys, each of which has a distinctive clast suite related to the local subcrop. The entire succession is overlain by Ͼ300 m of sandy turbidites, of which the upper part includes large mass-transport complexes.
(probably generated by plumes of glacial outwash) containing numerous dropstones that decrease in abundance down the fjord. The mudstones contain numerous thin sandstone and conglomerate turbidites that were supplied laterally via subaqueous gravel fans feeding in from the tributary valleys, each of which has a distinctive clast suite related to the local subcrop. The entire succession is overlain by Ͼ300 m of sandy turbidites, of which the upper part includes large mass-transport complexes.
Intercalated within the succession in the trunk valley are structureless, graded, silty mudstones lacking dropstones but with abundant large wood fragments. Close to the steep western margin of the trunk valley, each of these massive mudstones is underlain by a slump or debris flow, locally containing meter-scale blocks of Ordovician limestone from the valley side. We interpret these as a consequence of rockfalls from the steeper valley sides, triggering debris flows on the subaqueous fjord slopes. We suggest that large solitary waves were generated as the rockfalls entered the water, traveling along the fjord and stripping vegetation from the shoreline. Large amounts of mud and silt were thrown into
INTRODUCTION
Deglacial marine sedimentary sequences record the succession of depositional environments associated with the melting and retreat of glaciers (Powell and Domack, 1995; Benn and Evans, 1998) . Fjords may provide especially detailed records of environmental changes associated with deglaciation because (1) large amounts of accommodation space are available within them owing to glacial overdeepening, and (2) their very high deposition rates provide a high-resolution record (e.g., Eyles et al., 1990; Carlson et al., 1992; Cai et al., 1997) . Although some late Quaternary glaciomarine systems are comparatively well exposed on land because of glacio-isostatic rebound (e.g., Nemec et al., 1999) , Quaternary fjords generally offer only a snapshot of their postglacial state. Their fills are generally imaged remotely via seismic data, bathymetry, side-scan sonar, and shallow cores (e.g., Bornhold and Prior, 1990; Cowan et al., 1999; Cowan, 2001) . Consequently, the facies architecture of their sediment fills and their evolution through the deglaciation process are incompletely known. Although ancient successions lack the time resolution and/or complete topographic context available in Quaternary systems, they can provide threedimensional views of the sedimentary system and of its evolution through time. In particular, they may reveal the evolution of depositional environments in response to changing sediment supply and base level through the deglacial process.
In this paper we present field data from a succession that records the deglaciation of a paleofjord close to the western margin of Gondwana ( Fig. 1 ) during the late Westphalian (Césari et al., 1987) . A combination of exceptional exposure and topographic dissection allows (1) a reconstruction of the local topography, and (2) establishment of the sequence and architecture of infilling of the relict glacial valley. The purpose of this paper is to illustrate the evolution of depositional environments through the deglaciation process, to document the rapid lateral and vertical facies changes, and to emphasize the role of catastrophic sedimentation throughout much of the fjord's history.
REGIONAL PALEOGEOGRAPHY
The Jejenes Formation constitutes the fill of the Jejenes subbasin, located at the southeastern rim of the Carboniferous-Permian Paganzo Basin of northwestern Argentina (Fernán-dez Seveso and Tankard, 1995) . This basin is one of a number of pericratonic basins that received glacially derived sediment during and immediately after the Late Carboniferous (Pennsylvanian) glaciation of Gondwana (Eyles et al., 1995) . The Paganzo Basin lay close to the active western margin of the supercontinent, at a paleolatitude of ϳ60ЊS. The tectonic setting of the Paganzo Basin is that of a retro-arc foreland basin (Ramos, 1988) ; tuffs within the Upper Carboniferous succession are thought to have been derived from the contemporaneous arc to the west. The Paganzo Basin was separated from contemporary open-marine basins to the west (Calingasta-Uspallata and Rio Blanco Basins) by one or more coastal ranges (e.g., Salfity and Gorustovich, 1983; Fig. 2 ) that had been uplifted in the Devonian and that were geographically more or less coincident with the modern Precordillera. Early stages of sedimentation were clearly controlled by the paleorelief generated during the glaciation, in the form of isolated valley fills. Subsequently, the general subsidence caused burial of that relief by continental sediments.
The immediately postglacial sediments of the Paganzo Basin have been interpreted as largely fluvial and lacustrine in the east and fluvial and deltaic in the west (Buatois and Mángano, 1995) . However, in the San Juan area, in the southwestern part of the basin represented by the Jejenes Formation (Fig. 2) , palynology suggests a restricted-marine environment (Césari and Bercowski, 1997) , and a restricted-marine origin has been suggested for the limited trace fossil suite (Peralta and Milana, 1998) . Also, to the north of the San Juan area, Bercowski and Milana (1990) , and Martinez (1991) identified a marine influence in sedimentary rocks of late NamurianStephanian age associated with deglaciation (Guandacol Formation). Thus, many of the successions formerly interpreted as being of lacustrine origin are apparently marine, connected to open-marine basins via paleovalleys. Such is the case in the Jejenes Formation, the focus of this study.
Orientation of the paleovalleys (Fig. 1 ) obtained from valley-floor reconstruction, glacial striations, and paleocurrents within the sedimentary fill suggests a main flow of ice and subsequent sediment transport toward the northwest (Banchig et al., 1997; Milana et al., 1985 Milana et al., , 1987 Milana and Bercowski, 1990) . Therefore, glacial events did not originate in and radiate from the coastal ranges (cf. Amos and Rolleri, 1965; Rolleri and Baldis, 1969; López-Gamundí, 1983 ), but originated from an ice cap located on the craton, east of the Jejenes subbasin (cf. Bercowski and Zambrano, 1990) . At the glacial maximum, glaciers were crossing these ranges, excavating deep paleovalleys between the Jejenes subbasin and the Calingasta-Uspallata Basin. A glaciated marine-shelf area was located on the west rim of the Precordillera (López-Gamundí, 1983) . The paleovalleys were flooded by marine waters after glacial retreat. As the early Paleozoic structure basically trended south-north, it seems that there was almost no tectonic con- trol of these paleovalleys on the large scale, although we have recognized a minor lithologic control at the boundary between the lower Paleozoic limestones and clastic rocks in the Quebrada Grande subcrop.
The interpretation of the upper Paleozoic rocks has changed in the light of sequencestratigraphic concepts. In the region, deglaciation is first indicated by a shallow-water assemblage followed by a rapid transgression, suggesting eustatic rise due to melt-water input to the oceans. The widely recognized unconformity between the Guandacol Formation (a dropstone-bearing unit found throughout the Paganzo Basin) and the Tupe Formation (a postglacial coal-bearing unit) is now interpreted as representing a forced regression due to postglacial isostatic rebound , by comparison with the late Weichselian evolution of southern Sweden (Milana and Lopez, 1998) .
Paleobotanical evidence suggests a rapid climatic amelioration and transgression during the late Westphalian (RaistrickiaPlicatipollenites spore subzone; Vega, 1995) . Coal-bearing intervals in the Tupe Formation with a Nothorhacopteris-BotrychiopsisGinkgophyllum plant assemblage succeeded glacial intervals, suggesting cool temperate forests (López-Gamundí et al., 1993) .
LOCAL SETTING
The Quebrada Grande paleovalley is exposed on the eastern margin of the Zonda Range, in the foothills of the Eastern Precordillera, ϳ25 km south of the city of San Juan. A gentle structural dip oblique to the valley axis (ϳ25Њ to the east-southeast), the considerable dissection, and the almost complete exposure due to the arid climate combine to provide superb sections through parts of the paleovalley system. The section lies on the foreland side of a zone of Quaternary backthrusting (the Eastern Precordillera); structural complication is slight. The local subcrop to the Carboniferous consists of Ordovician platform limestones of the San Juan Formation (Beresi and Bordonaro, 1985) , stratigraphically overlain to the east by an Ordovician-Silurian olistostrome (Rinconada Formation; Amos, 1954; Peralta, 1990; Peralta et al., 1994) consisting largely of highly deformed Ordovician-Silurian siliciclastic turbidites, but including olistoliths of San Juan Formation limestone up to 1 km or more in length (Fig. 1) . Both lower Paleozoic units and the boundary between them dip very steeply to the east. The Carboniferous Jejenes Formation crops out as an ϳ1-km-wide strip, unconformably overlain to the east by Neogene and Quaternary sediments (Figs. 1 and  3 ). Late Precambrian crystalline basement crops out ϳ10 km to the southeast and consists of amphibolite schist, garnetiferous schists, and pegmatoids. More extensive inliers of metamorphic basement occur 40 km to the east in the Quaternary Pie de Palo uplift of the Sierras Pampeanas.
Form of the Paleovalley
The interpretation of the paleotopography (shown schematically in Figs. 4 and 5; see also the section on Synthesis) is constrained by a combination of mapping of the threedimensional form of the sub-Carboniferous unconformity (the valley floor and sides), thickness and pinch-out relationships of the valley fill (Fig. 4) , and paleocurrent directions. A broad trunk paleovalley trends northwest over the olistostrome (Rinconada Formation) and swings northward along the subvertical contact between the more easily eroded olistostrome and the resistant limestones (San Juan Formation). The northeastern side of the valley is well constrained by the threedimensionality of the outcrop. The unconformity provides an oblique section through the valley side and onto the trunk-valley floor. The southwestern valley side is mostly in the subsurface because of the regional dip, but a part has been recognized in this study where it was onlapped at high stratigraphic levels (Fig. 4) . The form of the valley is inferred by thickness trends and paleocurrents. The stratigraphic relationships along the north-trending western valley side are slightly complicated by a minor thrust along the contact between upper and lower Paleozoic rocks; rocks of ''axial-valley'' facies have been thrust up the fjord wall along the unconformity. Slump folds along this north-trending valley margin face east, confirming the paleoslope. A deep modern valley cutting westward into the San Juan Formation outcrop of the Zonda Range represents an exhumed steep-sided tributary paleovalley that drained eastward.
Unconformity
Detailed mapping in three dimensions using triangulation and altimetry reveals the approximate orientation and slope of the paleovalley side. The local Carboniferous paleorelief is strongly controlled by the underlying geology. (Fig. 3) ; for example, a major limestone olistolith forms the interfluve between two of the tributary valleys. The relief on the unconformity of over 900 m, valley-side gradients in excess of 40Њ, and the Ͼ250 m thickness of the deglacial succession (suggesting overdeepening of the valley floor) confirm the fjord-like nature of the valley.
VALLEY-FILLING SUCCESSION
The deposition of the valley-filling succession can be subdivided into five stages: Stage I produced massive and crudely stratified diamictites with subordinate laminated sandstones. Stage II yielded water-laid sandstones including a shallow-water delta on the valley floor. Stage III formed gravelly fans and dropstone-bearing basin-floor mudstones with turbidite sandstones. Stage IV created sandy turbidites free of dropstones. Stage V generated mass-transport complexes and turbidites.
STAGE I: FORMATION OF GLACIAL DEPOSITS
Deposits formed during stage I include massive diamictites, having a green silty mudstone matrix, and crudely stratified matrixsupported conglomerates. Massive diamictites show a very wide range of clast sizes and lithologies, and they are the facies in which most striated clasts were observed (Fig. 6) . The deposits may form units up to 13 m thick and occur in the paleolows of the trunk-valley axis and tributaries ( 
Interpretation
Massive diamictites are interpreted as lodgment tills. The current-worked, fine-grained sandstones may be related to subglacial drainage (Dowdeswell and Scourse, 1990) . Crudely stratified units may be either melt-out tills or periglacially resedimented (debrite) material. These deposits were probably laid down subglacially and indicate an ice-filled valley during stage I.
STAGE II: ESTABLISHMENT OF A SHALLOW-MARINE ENVIRONMENT
Deposits representing stage II consist of water-laid, laminated and cross-laminated sandstones overlying lower Paleozoic basement on the valley sides or glacially related diamictites of stage I on the valley floor. In the tributary valleys, these deposits contain parallel lamination and climbing-ripple crosslamination ( Fig. 7) , with some ripple forms draped by laminae showing vertical upbuilding. Subhorizontal feeding traces (cf. Planolites) are locally abundant on bedding planes.
In the axis of the trunk valley, stage II is represented by a shallow-water Gilbert-type delta, with clinoforms up to 10 m high prograding north-northwest along the floor of the paleovalley (Figs. 8 and 9). The topsets ( Fig.  10 ) consist of lenses of very coarse grained sandstones within mainly fine-to mediumgrained sandstones, with ripples superimposed on small dunes showing currents to the northeast. The foresets consist of intercalations of completely unsorted pebbly sandstones and conglomerates and intervals of medium-to coarse-grained sandstone with small dunes or subcritical climbing ripples ( Fig. 10) , both showing currents to the north-northwest. The toesets consist of varve-like laminated siltstones containing abundant, small, subangular limestone dropstones, intercalated with poorly sorted thin diamictite intervals (Fig. 11 ).
Interpretation
The delta-top deposits in the axial valley probably represent a sandy braid-plain, with lenticular channel fills, and dunes formed on bar surfaces. The current directions on the delta top suggest that the delta was related to drainage from the western tributary fjord. The foresets are dominated by deposits of cohesionless debris flows (sensu Nemec, 1990; Nemec et al., 1999) . The cross-stratified sandstones were produced by processes involving more dilute flow; sandstones are scarce in the toesets, so if these deposits are related to suspension underflows, the flows must have bypassed the proximal prodelta region. Laminated siltstones on the toesets are probably related to suspension fallout from plumes (Mackiewicz et al., 1984) . The dropstones and diamictite layers (undermelt diamictite; Gravenor et al., 1984) imply floating ice.
In the tributary systems, high sediment fallout rates are indicated by steep ripple upbuilding in the sandstones of the tributary valleys ( Fig. 7) , whereas the Planolites traces are indicative of low sediment fall-out rates, suggesting episodic sedimentation, perhaps from suspension underflows generated directly by subglacial outflow.
The architecture of the delta indicates a period (perhaps decades to a century; Nemec et al., 1999) during which sediment supply kept pace with creation of new accommodation by gradual rise in lake or sea level (allowing slight aggradation of the delta top). This circumstance was followed by a relatively rapid flooding associated with a significant sea-level rise that overwhelmed the sediment supply so that the delta top is immediately overlain by deep-water deposits of stage III.
STAGE III: DEPOSITION OF PROGLACIAL DEEP-WATER SEDIMENTS
The eastern part of the paleovalley includes a composite conglomerate body (Fig. 3 ) that can be divided into several separate units on the basis of differences in bedding orientation, paleocurrents, fabrics, and clast composition (Figs. 12 and 13). These form local units of broadly similar character that apparently issue from the tributary valleys and merge with a body apparently confined to the valley axis. Because they appear to have point sources and downlap into the valley floor, we refer to these bodies as fans. Throughout, they are dominated by matrix-supported conglomerates and cobbly sandstones (Fig. 14) .
Tributary Fans
The tributary fan to the west of the large limestone olistolith (tributary 1; Figs. 5 and 12) is stratigraphically oldest where seen in outcrop. The basal part of this unit is composed of glacial diamictites stratigraphically equivalent to sediments of stage I. Overlying cobbly sandstones and sandy conglomerates (clast-rich sandy diamictites sensu Moncrieff, 1989) showing crude stratification can be traced down-fan (Fig. 15) , passing downcurrent into rhythmically bedded deposits of thin culated by stereographic removal of structural dip (by using the mean of bedding in the overlying turbidites, which must have been close to horizontal at the time of deposition); the restored depositional dip is Յ12Њ toward ϳ170Њ. The fan downlaps to the south and has an abrupt pinch-out of conglomerate bands at the toe (Fig. 16) . The clast composition is dominated by local lower Paleozoic lithologies, including some striated cobbles of sandstone, though crystalline basement clasts are also common. The grain-size distribution is bimodal as shown by the gravelly sand matrix and many grain contacts between the larger clasts. The largest clasts are limestone boulders locally up to 1 m in maximum dimension.
The deposits of tributary 2, lying to the east of the large limestone olistolith (Figs. 3 and  5) , consist of sandy, matrix-supported conglomerates to cobbly sandstones and grades into the axial sediment body. Crystalline basement clasts are the most abundant (including undeformed microgranite and ultramafic rocks) but Ordovician-Silurian sandstone clasts are also common. They display a more or less bimodal grain-size distribution, with well-rounded cobbles and boulders Յ0.5 m, and form disorganized beds up to 10 m thick. The tributary 2 deposits yielded paleocurrent data (directions deduced from a-t fabrics of large clasts) with a vector mean of 218Њ (n ϭ 96). The restored depositional dip of the tributary 2 fan is Յ15Њ toward ϳ255Њ.
Strata representing tributary 3, the easternmost one, are poorly exposed, but appear to include a clast suite similar to that of the axial fan. Clast orientations in winnowed layers indicate currents flowing toward 212Њ (n ϭ 73). These strata are onlapped by the turbidites of stage IV. Tributary 0 forms a broad depression in the unconformity ϳ20 m deep, floored by diamictite, interbedded with and overlain by laminated sands. No gravel fan is present at the current level of exposure, but this tributary apparently acted as a source of gravelly sediment during subsequent events. There is a probable minor tributary fan (tributary C, recognized by Bercowski et al., 1991) entering from the south near the western limit of Carboniferous outcrop within this tributary fjord (restored dips on conglomerates on the south side are toward the north or north-northeast); local current indicators in the basal unit range from north to east-southeast.
Axial Fan
The uppermost unit of the composite conglomerate body, which is by far the largest, has facies, textures, and clast lithologies that are generally similar to those of tributary 3 (Figs. 12 and 13) . Paleocurrent directions based on a-t fabrics of large clasts in winnowed layers have a vector mean of 350Њ (n ϭ 43). Depositional dips were Յ15Њ toward ϳ340Њ, i.e., down the axis of the trunk valley, implying drainage from the main axial glacier. The large clasts are mainly of crystalline rocks, largely metaquartzite and semipelite, but subordinate meta-igneous rock clasts and a few local Ordovician-Silurian sandstone clasts area also found; Ordovician limestone clasts are absent. The clast suite is similar in composition to that of dropstones in the timeequivalent profan deposits (see below). The axial fan is considerably less gravelly than the tributary fans.
The main axial fan oversteps the tributary fans and downlaps onto the deposits of stage I, the toe of the fan from tributary 2, or timeequivalent profan deposits. It prograded along the valley, its aggrading toe reaching its maximum northwesterly extent at about the level of the T 0 tuffite (Figs. 3 and 15) , and subsequently backstepped. The conglomerates pass rapidly westward, at the toe of the slope, into a profan facies of interbedded shales and sandstones. The maximum measured thickness of the fan is 35 m, but because the T 0 tuffite is ϳ100 m above the valley floor in the center of the valley, the axial fan is probably at least this thick in the subsurface. In the east it is onlapped by (and interdigitates with) turbidites deposited during stage IV (Fig. 15) .
Profan
The profan is dominated by dark gray mudstones with thin (mostly ϳ5 to 20 cm), medium-to coarse-grained, locally pebbly sandstones, often regularly spaced with 10 to 20 cm of mudstone between them. Some coarser beds are present, generally less than 1 m in thickness, but locally up to ϳ6 m, ranging from coarse sandstone to conglomerate. These include bed GM, (with Planolites on the upper surface) and conglomerates CGT 1 and CGT 2 that are sufficiently widespread to be used as stratigraphic markers (Figs. 3 and  4) .
Commonly the sandstone and conglomerate beds are normally graded (generally rather weakly), often with sharply graded or abrupt tops, sometimes with ripple marks. The sandstones are occasionally parallel or ripple laminated, but more commonly the tops of the sandstones are bioturbated both with vertical burrows (cf. Skolithos) and Planolites-type surface-feeding traces. Plant material is common on the upper surfaces of the sandstones where the top of the sand is sharp and fragments are often current aligned. The ratio of sandstone to shale reaches a maximum at about the level of the T 0 tuff (see below and Fig. 4) , corresponding to the maximum progradation of the axial fan. Reliable current indicators from clast fabrics, sole structures, ripples, or aligned plant fragments are rare, but limited data suggest widely scattered dispersal, possibly with a mode to the northwest (Fig.  17) . Within the limestone canyon that forms the western tributary fjord, the profan consists mainly of shale.
Three thick, correlatable tuffites (T 0 to T 2 ) occur within the profan unit, along with numerous thinner ones. They form distinctive, whitish, normally graded beds (sometimes repeatedly normally graded) of altered, crystalrich tuff, each with an upward-increasing proportion of mud. Wood and leaf fragments are especially common immediately below the tuffs.
On the basis of their thickness distributions, sparse current indicators, and maximum particle size, sources can be inferred for a few of the coarser beds that are thick enough to be mapped and correlated individually. Marker CGT 1 (Fig. 4) consists of poorly sorted conglomerate locally up to 15 m thick, generally with rounded clasts up to 55 cm but locally containing rafts of diamictite and angular blocks of San Juan Formation Limestone up to 3 m across (Fig. 18) . Thickness distribution indicates a source in tributary 0 on the northeastern valley side (Fig. 19A) . Another thick unit is confined to a channel along the valley axis whose base is eroded as much as 11 m into the underlying sedimentary material; pre- the channel. The clasts are similar to those of the subaqueous outwash fans, and this unit may have been generated largely by remobilization of material from fans in the paleovalley tributaries. Marker CGT 2 (Fig. 4) , which includes clasts up to 43 cm across, shows thickness distributions (Fig. 19B ) and maximum clast size indicating a similar pattern of dispersal, with a source apparently in tributary 0 and a maximum thickness within a channel along the valley floor. The flow or flows that deposited the GM marker, a normally graded pebbly to cobbly sandstone (Fig. 4) , also appear to have issued from tributary 0 (Fig.  19C) . The presence of outsize blocks suggests a catastrophic mass-flow origin for these deposits, further supported by the stratigraphic association of CGT 1 with other mass-flow units (see below).
Dropstones
Glacial dropstones are present in both the sandstones and interbedded mudstones in the east of the area and are locally very abundant along bedding planes (Fig. 20) . They decline in abundance toward the west and are absent altogether in the Quebrada Grande sections (Fig. 5) . Dropstones are commonly very numerous in the lower part of the succession, and overall become less abundant upward.
Clast compositions include metamorphic rock, igneous/meta-igneous rock, Ordovician limestone, and Ordovician-Silurian sandstone of local origin. Clasts are commonly up to 15 cm in longest dimension (locally up to 150 cm), mostly very well rounded, although some small limestone clasts are subrounded to subangular and are broadly similar to the larger clasts within the fans. Limestone clasts decrease in abundance upward, but sandstone clasts remain common. The clast compositions are consistent with a dominant contribution from glaciers in the trunk valley and from large tributaries draining the turbidites within the Rinconada Formation. A minor contribution from the glacier in tributary 2 decreased with time as this (presumably local) glacier wasted earlier than larger ice masses on the lower-relief terrain to the east.
Interpretation
The composite conglomerate body consists of a coalescence of subaqueous outwash fans (Fig. 21) . The absence of ice-push structures or any apparent ice-contact zone indicates a stable or retreating ice front. The predominant poorly sorted facies of cobbly sandstones probably represents the deposits of cohesion- (Fig. 7) ; flow from left to right. less debris flows on the relatively steep slopes of these fans, resulting from resedimentation of material deposited rapidly from a subaqueous jet issuing from a drainage tunnel (e.g., Powell, 1990) . We interpret the clastsupported conglomerates as the products of winnowing of the fan surface by more dilute and probably more continuous currents of glacial meltwater that deflated the deposits of more sporadic debris flows that transported most of the sediment to the fan surface. Individual outsize clasts may be the result of debris fall (sensu Nemec, 1990 ). This sediment body may be partly analogous to the bank-core facies of modern morainal banks described from Tarr Inlet, Alaska, by Cai et al., 1997 (see also Lønne et al., 2001) .
Locally within the fan toes (especially within tributary 1), individual beds can be traced from matrix-supported conglomerates across a sharp break in slope into thin-bedded sandstones of the profan. This relationship between the thin-bedded sandstones of the profan and the debris-flow conglomerates suggests that the debris-flow deposits and the basin-floor sandstones were deposited during the same events and the coarser clastic layers of the profan were deposited from turbidity currents originating on the fans. Either some flow transformation occurred at the toes of the fans, and by this transformation the debris flows were converted to more dilute gravity flows at the break of slope, or debris flows were accompanied by (and traveled beneath) more dilute and more mobile turbidity flows that bypassed the slope and deposited their loads only on the basin floor (Lønne et al., 2001) . The abruptness of the transition from these gravel-dominated fans to the subhorizontal basin-floor profan facies reflects the discrete toe of slope (Fig. 16 ). This transition is equivalent to the bank-core to bank-front boundary in morainal bank systems; in Tarr Inlet, this coincides with a rapid decrease in slope to Ͻ3Њ. The widely scattered dispersal directions suggest that there was influx from many tributary systems as well as the axial fan. The regularity of spacing of the sandstones (Figs. 4B and 20) and the clustering of dropstones near sandstone bed tops perhaps suggests a seasonal origin (cf. Cai et al., 1997) . The occasional coarser beds represent catastrophic resedimentation of material from the fjord sides (see below).
The tuffites similarly represent large resedimentation events. There are no local volcanic rocks, which, combined with the absence of any lapilli-grade material, suggests that the tuffs were derived from eruptions in the arc to the west and that the tuffites represent runoff of locally accumulated ash-fall material. The abundance of plant detritus associated with them was probably the result of defoliation of the riparian forest by the ash-fall event.
During progradation of the stage III fans, an ephemeral channel was present in the axis of the fjord during at least two intervals of time, possibly analogous to turbidite channels observed within the iceberg zone of modern fjords (e.g., Tarr Inlet and Queen Inlet, Glacier Bay; Cai et al., 1997; Carlson et al., 1992) . These channels were partly filled by catastrophic deposits of CGT 1 and CGT 2 . The channels were apparently slightly sinuous (Figs. 19A and 19B) and between 0.5 and 11 m deep. Because these channels occur within the sandiest part of the profan succession, it appears that they were not agents of complete sand bypass (cf. Carlson et al., 1992) .
The abundance of plant fragments on the upper surfaces of the thin profan sandstone beds and the presence of dropstones within the intervening mudstones imply that the mudstones were not formed by fallout from the tails of turbidity currents that deposited the sandstones, but were deposited by more protracted suspension deposition. They were probably deposited from buoyant plumes associated with the subaqueous meltwater discharge. Deposition from such plumes may take place more rapidly than typical Stokes settling as a consequence of group settling or convective processes (Kuenen, 1968; Carey et al., 1988) . Melting icebergs might also have contributed to the fine sediments deposited in fan-proximal areas (the two processes are hard to distinguish in the sediment record; Syvitski et al., 1996; Smith and Andrews, 2000) , but the virtual absence of dropstones in western sections containing thick profan sedimentary deposits argues that icebergs did not move far down the fjord.
The abundant trace fossils of the upper Cruziana ichnofacies (Peralta and Milana, 1998) suggest that the water column was not permanently stratified, probably because of a periodic influx of cold water. However, the fact that most traces occur on the interfaces of sandstone beds may be a consequence of winter breakdown of stratification (Cowan, 1992) . Low ichnofaunal diversity (commonly an indicator of environmental stress) with generally only one or two forms present (Peralta and Milana, 1998) may indicate environmental stress due to cold or brackish water.
The progradation and subsequent backstepping of the axial fan presumably reflect the changing balance of sea-level rise and rate of sediment delivery. The ratio of sandstone to shale in the profan reaches a maximum at about the level of the T 0 tuff (see below and Fig. 4) , corresponding to the maximum progradation of the axial fan. However, the existence of the fans argues for a relatively stable position of the ice terminus to allow the fans to develop. The westward decline in abundance of dropstones is consistent with calving of icebergs from floating glacier snouts to the east (Fig. 21) . The upward-decreasing abundance of dropstones reflects the general eastward retreat of floating ice as melting progressed.
MEGABEDS
The profan unit is punctuated by thicker beds of apparently homogeneous mudstone or graded silty mudstone to mudstone. These beds lack glacial dropstones (implying rapid deposition), but contain abundant dispersed plant material, ranging from small leaf fragments to large lignified stem fragments up to 10 cm in diameter and 30 cm in length (Fig.  22) . They also contain scattered siderite nodules, at least some of which nucleated on leaf fragments.
In the west of the area, along the northsouth paleovalley margin against the limestone subcrop, at least seven of these graded to homogeneous mudstone beds attain a thickness of Ͼ1 m. At least four of these beds immediately overlie thick (Յ15 m or more) mass-flow units, consisting of pebbly mudstones and highly deformed sediment with slump folds that face eastward (down the inferred local paleoslope) and have highly curvilinear fold axes (Fig. 23) . Locally the mass flows can be seen to have eroded the substrate. Some also include rafts of relatively undeformed bedded material. The contacts between mass-flow units and overlying graded structureless muds locally appear transitional.
Two of these beds are sufficiently thick and distinctive to be mapped and reliably correlated throughout the area; they form widespread markers within the profan. The lower bed (MB 1 ) consists of a normally graded, medium gray silty mudstone to mudstone with a graded sandstone at its base where it is thickest. Apart from the ubiquitous normal grading, it is completely structureless. Its thickness ranges up to at least 25 m, declining progressively toward the margins and also northward down the fjord, suggesting a source in the southwest (Figs. 4 and 24) . In the northern part of the area the topography of the valley side can be constrained by the onlap of MB 1 onto the basal unit of the succession. Sandstone (maximum, coarse-sand grade) is present at the base, where the unit is thickest in the inferred axial part of the fjord, and also in the west, where MB 1 immediately overlies a complex mass-flow unit of pebbly mudstone and slumped bedded strata, Յ15 m thick. The slump unit immediately overlies CGT 1 , and cobbles from this conglomerate are locally incorporated into the base of the overlying mass flow. MB 1 (Յ11 m thick) is also present in the western tributary fjord with a slump unit beneath. The upper of the widespread thick beds (MB 2 ) is a weakly graded, black, organic-rich, homogeneous silty mudstone to mudstone. It attains a thickness of 7.5 m in the west, where a graded sandstone (grain size up to mediumsand grade) is present at the base. In the central part of the area, MB 2 overlies a mass-flow unit consisting of chaotic and slumped strata up to a few meters thick.
Origin of the Megabeds
The apparent absence of dropstones within these units, although intercalated with beds in which dropstones are common (at least in the east of the area), implies that megabed deposition was rapid compared to the rate of accumulation of dropstones. The thick, graded nature of the beds and the virtual absence of traction structures, even within sandy parts of the beds, suggests catastrophic sedimentation of large amounts of sediment by settling from suspension, either from turbidity currents or from a static turbid water column. Deposition of the megabeds from turbidity currents per se seems unlikely; the volume of material in the megabeds is many times that of the mass flows and thus seems too great to have been entrained directly from the latter to form turbidity currents. Turbidity currents might, alternatively, have been generated simultaneously with (rather than derived from) the mass flows; however, the apparent absence of any traction structures within the sandy sections of the megabeds also militates against a turbidity-current origin and suggests that the sediment in the megabeds settled from a static water mass. Late Quaternary homogeneous silty clay beds in Saanich Inlet, which are perhaps comparable, have been interpreted by Blais-Stevens et al. (2001) to be the result of periodic breakout of a glacially dammed lake. However, the stratigraphic association of the thickest and coarsest megabeds with subaqueously generated mass flows strongly suggests a causal link. The section of valley margin where the mass flows occur is inferred to have been a steep part of the fjord side. The local presence of angular blocks of fjord-wall limestone within the mass flows (Fig. 18) and scattered large (tens of meters) blocks of Ordovician limestone within the lower part of the succession close to the fjord margin strongly suggests that both the mass flows and the associated megabeds were triggered by subaerial rockfalls (Fig. 25 ), which were probably frequent in the cold periglacial conditions immediately following local deglaciation (McCarroll et al., 2001) . We suggest that the megabeds were caused by giant waves, triggered either by submarine slumping on the fjord sides (Prior et al., 1982; Å arseth et al., 1989) or by rockfalls. There are several close analogues for such processes in modern fjords, in which catastrophic failure of material on fjord sides, either subaerially (rock-slide or collapse of ice from a hanging glacier) or subaqueously (slumping and sliding of sediment), generates large solitary waves in the water mass (e.g., Miller, 1960) . These waves may be up to 30 m or more in height and travel along the fjord with celerities that depend upon the wave height and water depth, but that may be as much as 40 to 50 m·s Ϫ1 . Similar but smaller waves occurred in Å rdalsfjord, Norway, in 1983, associated with a rockfall (Å arseth et al., 1989) . The absence of any associated ice-rafted debris in the Quebrada Grande megabeds suggests that glacier collapse was not the cause (cf. Miller, 1960) .
The resulting large solitary waves could have produced transient unidirectional currents that suspended large amounts of sediment from the fjord floor. We suggest that these waves were also responsible for the large amount of plant debris present in the megabeds. Modern examples of such waves have completely stripped vegetation (and often overburden) from fjord sides up to a trimline that corresponds approximately to the wave height. Large quantities of the stripped plant material may cover the fjord surface after the passage of such waves (as has occurred in Lituya Bay, Alaska, several times in the twentieth century ; Miller, 1960) . Progressive saturation of the floating wood debris resulted in sinking of the stems over the period of time during which mud (suspended from the fjord floor by the wave) was settling out of suspension.
The presence of woody debris indicates that cool temperate forests grew close to the fjord shoreline and coexisted with ice, as indicated by dropstones in the background profan sedimentary deposits (cf. Vega, 1995) .
STAGE IV: FORMATION OF TURBIDITE FANS
At the top of the profan sedimentary deposits a relatively abrupt transition (a few meters) occurs into an ϳ100-m-thick package of thinly to very thickly bedded (centimeters to several meters), normally graded turbidite sandstones, with thin mudstone or siltstone intervals forming the tops of the graded units. These rocks have been more or less arbitrarily subdivided by using distinctive horizons of finer-grained material, which define sandstone units that can be traced easily over the mapped area with consistent character and thickness. The maximum grain size is dominantly medium to fine sand. The thinner beds display partial or complete Bouma sequences, and sole structures are not uncommon, although the bases of many beds are flat and featureless. Many of the thicker beds are massive throughout much of their thickness and display delayed grading sensu Lowe (1982) , i.e., the bulk of the bed is ungraded and only the upper part shows normal grading. Beds are commonly amalgamated into composite units of several meters' thickness. Dropstones are apparently absent. Fragments of plant material are common on the tops of the sandstone beds.
In general the dispersal directions are from the southeast, except where deflected into tributary valleys (e.g., in the northeast) or reflected as in the western tributary fjord (Fig. 17) . The micaceous composition of the mediumgrained sandstones is distinct from that of the coarse sandstones in the profan unit, suggesting a more distant source in the crystalline basement. A few graded, very coarse-grained sandstone to conglomerate beds, as thick as ϳ0.5 m, also occur within the turbidites. These are similar to the coarser-grained beds within the profan unit, and although we were unable to determine paleocurrent directions directly from these beds, their composition (clasts dominantly of lithologies similar to the underlying Rinconada Formation) suggests a more local derivation, i.e., from the valley sides.
The turbidites represent deposition from both high-density (massive beds) and lowdensity turbidity currents (Lowe, 1982) . The long correlation distance and tabular nature of individual beds suggests deposition on a subhorizontal fjord floor. The large volume of sediment and the small rate of horizontal facies change suggest the establishment of a large sand supply (perhaps the distal part of a glacier-fed delta) and the generation of turbidity currents large enough to reach the basin margins. This part of the succession corresponds to the ice-distal zone of Cai et al. (1997) .
STAGE V: GENERATION OF MASS-FLOW COMPLEXES
The uppermost exposed part of the fjord fill consists of at least 300 m of various facies of mass flows intercalated with thinly to thickly bedded, sandy to conglomeratic turbidites (Fig. 3) . The mass flows are classified into three facies: (1) packages of folded and disrupted turbidites up to tens of meters thick; (2) bouldery or pebbly sandy mudstones and muddy sandstones, some including blocks of limestone several meters across; and (3) clastto matrix-supported conglomerates with abundant limestone boulders, ranging from chaotic and massive to moderately sorted and stratified, in places partly confined to erosional features (possibly channels).
In some instances, the more organized and stratified conglomerates appear to be marginal to (and possibly partly confine) bodies of less organized conglomerate and pebbly sandy mudstone. The base of the deposits of stage V consists of a very widely distributed massive to stratified conglomeratic unit as thick as 20 m or more, with a locally erosional contact with the underlying turbidites of stage IV (Figs. 26 and 27 ). The dominant clast types in all stage V conglomeratic facies are wellrounded cobbles and boulders of metamorphic rocks and limestones. The limestones, although possibly of San Juan Formation, show low-grade metamorphism and higher degrees of strain than those seen in the deposits of stage III, suggesting a provenance farther to the east. The mass-flow-dominated unit is capped by laminated and ripple crosslaminated sandstones of a facies associated with turbid underflows (see above, and Nemec et al., 1999) .
The mass-flow deposits represent a range of processes from slumps (facies 1) through co- hesive debris flows (facies 2) to cohesionless debris flows. Stage V appears to represent a major rejuvenation of the sediment supply system involving the destabilization of slopes and transfer of coarse clastic material from shallower environments (presumably delta-top and foreset formed during a relative sea-level highstand) to the basin floor.
SYNTHESIS: RELATIVE SEA-LEVEL CHANGE
The end of the second phase of Gondwana glaciation (middle Carboniferous) was associated with a rapid eustatic sea-level rise (López-Gamundí, 1997) . Because the total sea-level lowering associated with the Gondwana glaciations is estimated to have been 100 to 120 m (Crowley et al., 1991) , this middle Westphalian sea-level rise was presumably somewhat less than that. Because the total thickness of the deglacial package is 500 m or more, it follows that a large part of the accommodation space in which the sediment accumulated was due to valley overdeepening (by perhaps more than 400 m).
After retreat of the valley-filling ice from the Quebrada Grande area (stage I), inundation of the valley apparently began gradually. The stage II delta prograded into gradually deepening water of perhaps a few tens of meters depth. Because the valley floor may have lain considerably below the sill, the water body may initially have been a fjord lake. Flooding of the delta top at the beginning of stage III may have been related to the establishment of a marine connection as the sill was overtopped by rising sea-level. In any case, the sea-level rise was sufficiently rapid during stage III to overwhelm completely the sediment supply (Fig. 28) and create well over 100 m of accommodation in which sediments accumulated.
Stage III environments can be compared with modern fjord environments adjacent to glacier termini, e.g., in Tarr Inlet (Cai et al., 1997; Fig. 29) . The fans are partly analogous to bank-core areas, and the toes of the fans correlate with the break of slope at the bankcore/bank-front boundary. However, in Quebrada Grande there is no clear facies differentiation between a bank-front and an iceberg zone. Mass-flow deposits in Quebrada Grande are not localized near the fan toes but apparently occur as aprons adjacent to the steeper fjord walls, associated with one particular tributary (T0). The extent of an iceberg zone (characterized by the presence of dropstones) varies with time, but the location of log 2 ( stage III, whereas the strata of logs 1 and 3 are largely dropstone free and correspond to the ice-distal zone. Unlike Tarr Inlet, the percentage of sand decreases down the fjord (compare logs 2 and 3), and the ice-distal zone is relatively sand poor. The percentage of sand at any stratigraphic level reflects the progradation and subsequent backstepping of the axial fan, perhaps during stillstand and subsequent retreat of the glacier terminus
The switch from a gravel-and mud-rich system to a sand-rich system is a transition that occurred stratigraphically (i.e., in time), but not apparently down-fjord during stage III. We suggest that this switch occurred because of (1) the retreat of the source of plume mud and (2) the establishment of a glacier-fed delta that acted as a filter for gravel and increased the proportion of sand reaching the fjord floor. The rather rapid transition from stage III to stage IV indicates continued sea-level rise and/or rapid glacier retreat.
Deposits laid down during stage V bear comparison with environments immediately basinward of fjord-head deltas and fan deltas (Prior and Bornhold, 1988; Carlson et al., 1992) , suggesting a basinward shift of facies. In sequence-stratigraphic terms, such basinward shifts constitute sequence boundaries and are associated with sea-level fall; in deepwater settings, they are often marked by the onset of mass transport (e.g., Weimer, 1995) . KNELLER et al. Stage V deposition must have involved the destabilization of a major up-valley staging area for coarse sediment, and liberation of this sediment was most likely instigated by emergence and base-level resetting during relative sea-level fall.
The period of time represented by stages I to III may be rather short, given that proglacial fans may grow rapidly (perhaps on the order of 10 6 m 3 ·yr Ϫ1 ; Powell and Molnia, 1989 ) and deglacial sedimentation rates in fjords may be extremely high close to the ice margin (200-2000 cm/yr within 1 km of the grounding line; Cowan and Powell, 1991 ; see also Eyles et al., 1990; Cai et al., 1997; Å arseth, 1997) . Making the more conservative assumption that each turbidite in the profan reflects a spring meltwater event, the entire profan may represent 1000 yr or less, and stages II to IV may have been only a few thousand years at most. This time frame is consistent with rapid rates of postglacial sea-level rise (e.g., Lambeck, 1995) . A possible explanation for the putative sea-level fall associated with stage V is glacioisostatic rebound (compare Kregnes moraine, Nemec et al., 1999) .
CONCLUSIONS
The evolution of the basin fill suggests the following three general points: (1) The changes recorded in the basin fill reflect the retreat of the valley glaciers superimposed upon a background of sea-level change. Both of these factors influenced the sediment supply. (2) The strata are marked by extremely rapid transitions in facies that occur both laterally and vertically. The lateral facies changes result from interaction with the extreme topography and from the depositional processes involved. Gravity-driven transport mechanisms are prone to rapid transformations associated with changes in slope (Fisher, 1983) , resulting in deposition of different grain populations with consequent changes in grain size, but also changes in bed thickness and texture. Rapid vertical changes come about as a result of downlap and onlap associated with progradation and backstepping and also because of rapid (and incompletely understood) temporal changes in the nature of the sediment delivery system. (3) The sediment fill illustrates that, in addition to the two main glacial-marine processes (namely, sediment rainout and sediment gravity processes; Eyles et al., 1985) , an additional component of catastrophic sedimentation is important, involving a range of resedimentation processes, both gravity driven and wave driven and involving the entire spectrum of grain sizes.
